The relationship between endothelin-l (ET-l)-induced stimulation of Na+-H+ exchange and intracellular free Ca2" ([Ca2+]i) was examined in primary cultures of porcine coronary artery smooth muscle cells. Intracellular pH (pH1) and [Ca2+]i were measured using 2,7-bis-carboxyethyl-5(6)-carboxyfluorescein and the acetoxymethyl ester of fura-2 respectively. In HCO3--free buffer (pH = 7.4), ET-l (0.1-50 nM) induced a sustained, dose-dependent increase in pHi. ET-1 (10 nM) increased pH, from 6.83 + 0.01 to 6.93 + 0.02 (P < 0.01). The alkalinization was blocked by the Na+-H+ exchange inhibitor, 5-(N-ethyl-N-isopropyl)amiloride (EIPA, 3 , uM) or by substitution of Na+ with Nmethylglucamine or choline chloride (P <'0.05). Recovery of pHi in response to acidification, induced by washout of a 20 mM NH4Cl prepulse, was > 90 % inhibited by EIPA (3 #M), confirming the presence of an ET-1-responsive Na+-H+ exchanger. Coronary smooth muscle cells responded to ET-1 with a dose-
INTRODUCTION
The mechanism by which endothelin-1 (ET-1) promotes mobilization of intracellular free calcium ([Ca2l]1) and contraction in vascular smooth muscle (VSM) is not completely understood [1] . Results of several studies, including our own, suggest that ET-1-mediated stimulus-response coupling in VSM involves multiple Ca2+-influx pathways as well as changes in the levels of other intracellular cations [1] [2] [3] . The relationship between changes in intracellular concentrations of Ca2+, H+ and Na+ in the mechanism of ET-1 action, however, remains unclear.
Raising intracellular pH (pH1) in the absence of an agonist has been shown to raise [Ca2+]1 in.VSM cells and increase contractility of isolated arteries [4] [5] [6] [7] . Stimulation of plasmalemmal Na+-H+ exchange could lead to increases in [Ca2+] i, stemming either from intracellular alkalinization or increases in cytosolic Na+ [7] [8] [9] [10] . Several groups have shown that ET-1 can induce alkalinization in VSM cells or coronary myocytes by stimulation of Na+-H+ exchange [9, 11, 12] . Similarly, a variety of other [Ca2+] ,-mobilizing agonists stimulate this activity in VSM [13] [14] [15] . An association between activation of Na+-H+ exchange and increases in [Ca2 ], has been described in a number of cell systems, including VSM, and may contribute to contraction of VSM [9, [16] [17] [18] . However, in part because of the use of inhibitors of questionable specificity, controversy exists regarding the available data [16, [19] [20] [21] . The potential link between ET-1-mediated stimulation of the Na+-H+ exchanger and the transduction pathways leading to increased
[Ca2+]i in VSM has not been adequately examined. We, therefore, tested the hypothesis that activation of Na+-H+ exchange is dependent, biphasic increase in [Ca2+]1 which was not inhibited by manipulations (EIPA pretreatment or Na+-free media) shown to block the Na+-H+ exchanger. The ET-1-mediated alkalini- ET-1, we also assessed the Ca2+-dependence ofthe ET-I -mediated activation of Na+-H+ exchange. These studies were performed using a nominally HCO3-free buffer system in order to isolate Na+-H+ exchange activity from HC03--dependent pHi regulatory systems.
Most studies demonstrating ET-1-induced cytosolic alkalinization in VSM cells were performed in the nominal absence of HCO3- [9, 11] . In the presence of a C02/HC03--containing buffer, however, agonists may stimulate HCO3--dependent transporters in addition to Na+-H+ exchange activity. The combined effect often is that cytosolic alkalinization is not observed [15, 22, 23] . In rat ventricular cells, however, ET-1 has been reported to induce alkalinization ascribed to stimulation of Na+-H+ exchange in the presence of C02/HCO3- [12] . In view of the controversy concerning the ability of ET-1 or other agonists to induce alkalinization via Na+-H+ exchange in the presence of C02/HCO3- [12, 23, 24] , we also assessed the pHi response to ET-1 using this buffer system.
METHODS

Primary cell culture
Pig hearts were obtained from a local slaughterhouse and transported in ice-cold, sterile, calcium-free Hanks' salts solution containing penicillin (100 U/ml), streptomycin (100 ,ug/ml) and vigorously gassed with 5 % C02/room air, and gas-impermeable tubing was used for perfusion of all solutions. In addition, the surface of the Sykes-Moore chamber was equilibrated with 5 % C02/room air, directed from a small conical dome covering the chamber so as to maintain the solution pH in the chamber at 7.4. Nigericin calibration solution was nominally Na+-free Hepes-PSS containing 5 ,tg/ml nigericin and 144 mM KC1 instead of NaCl. All solutions for ammonia prepulse experiments were made by isosmotic replacement of NaCl with NH4C1. Nominally Na+-free Hepes-PSS was made by isosmotic replacement of NaCl with choline chloride or N-methyl-D-glucamine chloride; in addition, Na2HP04was substituted by K2HPO4 and KCI was reduced appropriately. Nominally Ca2+-free Hepes-PSS was made without CaCI2 and supplemented with 0.5 mM EGTA. The initial, baseline pH1 observed was slightly lower than resting pHi values reported for murine fibroblasts (6.88 + 0.01) [28] , for the smooth muscle-like cell line BC3H-1 (6.89+0.01) [29] and for canine femoral artery VSM cells (7.10+0.03) [15] .
Whether these variations in resting pHi are attributable to differences among cell type or differences in experimental conditions cannot be readily determined.
In the absence of ambient C02/HCO3-, some investigators have noted a biphasic pHi response to ET-1 or other agonists in VSM, consisting of a transient acidification followed by an Na+-H+ exchange-mediated, sustained alkalinization [11, 30] . The initial acidification may involve activation of the plasmalemmal Ca2+-ATPase, resulting in H+ influx [30] . Our coronary VSM cells responded to ET-1 without detectable initial acidification.
Our results are similar to other reports in which VSM cells alkalinized in response to agonists without initial acidification [9, 15, 23] . Whether the absence of initial acidification is due to differences in cell type or experimental conditions is presently unknown.
To examine the role of the Na+-H+ exchanger in ET-1-induced alkalinization responses to ET-1, experiments were performed in the presence and absence of the Na+-H+ exchange inhibitor, EIPA. As illustrated in Figure 1(b) , 3 ,uM EIPA was sufficient to block the alkalinization response to 10 nM ET-1 [ApH, (10 nM ET-1 alone) = 0.10+0.01 versus ApH, ( Changes in pHi were also examined in cells perfused with Na+-free Hepes-PSS, as an alternate manipulation to inhibit Na+-H+ exchange [13] . in response to 10 (4) 515+109 (4) 484 +40 (4) 440 +108 (3) 460+110 (3) 104+5 (3) 99+7 (6) 184+19 (3) 77+11 (4) 89+21 (4) 100+27 (4) 96+18 (4) 76+13 (3) 70+ 26 (3) 0.74). EIPA at a concentration of 3 ,uM was sufficient to block the alkalinization response to ET-1 ( Figure 1 ) and the pH1 recovery from ammonia prepulse acidification. This concentration of EIPA is higher than the reported IC50 range for the Na+-H+ antiport in VSM (0.06-1.0 1M) [32, 33] , yet is substantially less than the reported IC50 for the Na+-Ca2+-exchanger or inward Ca21 currents (approx. 130,uM) [33] . These ET-1 in cells perfused with Na+-free Hepes-PSS (Na+ isosmotically replaced with N-methyl-D-glucamine or with choline chloride), a manipulation used to inhibit Na+-H+ exchange [11] .
As summarized in Table 1 under these conditions may be mediated by the Na+-Ca2+ exchanger, as previously demonstrated [8] .
Further experiments were performed in Ca2+-free Hepes-PSS in the presence and absence of extracellular Na+. ET-1 and other agonists have been shown to increase [Na+]i [34, 35] . Na+ influx accompanying ET-1 stimulation, even in the absence of a significant pHi change, could initiate changes in [Ca2+]i by membrane depolarization and activation of voltagegated Ca2+ channels or by activation of the Na+/Ca2+ exchanger. It has been suggested that the sustained component of the ET-linduced [Ca2+], response is generated by an increase in intracellular Na+, arising from stimulation of the Na+-H+ antiport, which subsequently inhibits Na+-Ca2+ exchange-mediated extrusion of [Ca2+]i [9] . However, our results, under Na+-free conditions, suggest that extracellular Na+ is not a prerequisite for In platelets, inhibition of the Na+-H+ exchanger markedly attenuated the rise in [Ca2+]i induced by thrombin [17, 20] . The levels of EIPA used in these studies, however, were higher than that necessary to block the Na+-H+ exchanger. Similar to our results, lower concentrations of EIPA blocked the exchanger without having a significant effect on [Ca2+]i [21, 36] [14, 31, 39] .
VSM cellular response to ET-1 in a CO2/HC03-buffer system
The previous experiments used a nominally HCO3--free buffer system in order to isolate Na+-H+ exchange activity from HCO3--dependent pHi regulatory systems. Because controversy exists concerning the ability of Ca2+-mobilizing agonists to induce alkalinization in a CO2/HCO3-buffer system, we also assessed the pHi response to ET-1 in the presence of HCO3--PSS. Figure  5 HCO3--dependent acid extrusion mechanism is contributing to pH1 regulation [10, 23] .
Finally 
